and necessarily has a "noisy" current signal), (ii) all of the limiting current density experiments were performed using baths whose density and kinematic viscosity had been measured, or (iii) the limiting current density "plateau" for the EDTA baths was more extensive (adsorption of Quadrol (4) apparently decreases the potential region for the mass transport-controlled reaction).
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Secondary current density distributions are of interest to cell designers. The purpose of this note is to illustrate how to use an existing numerical method to determine these distributions for cells that contain conducting and nonconducting bodies between the main anode and cathode.
The method is based on a public domain heat transfer code called TOPAZ2D (I). The finite element based method allows for jump changes in the potential from one region to another within the field of interest. This feature is unique and is important for modeling stacks of bipolar plate ceils, cathodic protection systems, electrodeposition, and other systems where the designer does not have control of the potential (or current) in regions inside the cell.
The method is used here to show how to extend the model of a stack of bipolar plate cells that was presented earlier by Holmes and White (2) . In their work, they neglected surface overpotentials which are defined here as the difference between the potentials at an interface between two regions (A and B) at which an electrochemical reaction occurs n = ~A -CB [1] This expression requires special mathematical treatment because the two potentials coincide spatially, as discussed briefly below, Others (3, 4) have presented methods for including surface overpotentials with the boundary element method and the finite element method. Deconinck et al. (3) ineluded surface overpotentials at the electrode surfaces in their two-electrode cell model using a boundary element technique, and Tokuda et al. (4) included surface overpotential in their finite element method. Unfortunately, both methods require that the electrode surfaces lie on the boundaries of the cell, where one of the potentials in Eq. [1] can be set. This restriction makes their methods inappropriate for modeling stacks of bipolar plate electrochemical cells.
Model and Solution Method
A stack of bipolar plate cells is shown in Fig. 1 governs the potential in the conducting regions in the cells (electrolyte and bipolar plates). In this work, the electrical conductivity is assumed to be isotropic (K• = Ky), and the symbols, , and (r, are used to denote the conductivity of the electrolyte and the bipolar plates, respectively. In the previous model (2), the potentials at the terminal anode and cathode are set. This condition is used for predicting primary current distributions in which the surface overpotential concept is neglected. That is, the potential of the electrolytic solution adjacent to the electrodes is assumed to be equal to the electrode potential and is thus an equipotential surface. This assumption is reasonable only if the electrode kinetics are very fast, or if the current density is very low.
At an interface between a solid electrode and an electrolyte, the surface overpotential can be defined as
where #SO~ld is the potential on an electrode surface and ~so~uuo, is the potential of the electrolytic solution adjacent to the surface of the solid electrode. For small surface overpotentials, Newman (5) gives a simplified linear relationship between the overpotential and the normal derivative of the potential
Using TOPAZ2D to solve this electrochemical problem requires a transformation to dimensionless variables. Consequently, let F x y dp = --cb, X = and
where l is the half-length of the cells and t is the height of the stack. Using Eq. [3] , [4] , and [5] at the bottom cathodic plate. The dimensionless potential at the anode, (Panodr and at the cathode, $r are specified constants. Equations [6] and [7] have simple heat trans fer analogs since they resemble convection-type boundary conditions aT -h(T -T~) [ 
8] Oy
In a similar fashion to Eq. [6] and [7] , the cathode sides of the bipolar plates are governed by
[9]
and the anode sides of the bipolar plates are governed by Eq.
[9] with a sign change. Such expressions are difficult to model since they contain two unknowns which, by neglecting the double layer, conceptually coincide spatially. A novel feature of TOPAZ2D enables it to handle Eq. Figure 3 presents the potential distribution for the stack of bipolar plate cells of Fig. 1 with the set of parameters in Table I . The profile was obtained by using TOPAZ2D to solve Laplace's equation (Eq. [2] ) in both the electrolyte and bipolar plates of Fig. 1 . The profile between the bipolar plates follows the expection of Pletcher (6) . Current flows from the anode through the electrolyte and the bipolar plates to the cathode. Most of the potential drop occurs in the electrolyte due to the relatively low conductivity of the electrolytic solution. Unlike the previous model (2), the insulators at the end of the plates do not lie in the model domain and are represented by internal blank regions in the surface plot. This method treats the internal insulators like boundary insulators that have an infinite resistance to current flow. Some current bypasses the bipolar plate region and flows around the insulators through the electrolyte in the manifold region. The sharp and abrupt potential jump at the surfaces of the electrodes represents the surface overpotential. Note also that the solution adjacent to the electrode surface is clearly not an equipotential surface, as assumed before (2) . It should be noted that the geometry shown in Fig. 1 was chosen for demonstration purposes. A more realistic design would have included larger insulators at the ends of the bipolar plates. The selected geometry produces a more prominent bypass current which results in a more apparent variance in the overpotential along the electrode surface. Accounting for variances in overpotential is important because it allows designers to better predict the level of nonuniformities in potential distribution in their designs.
Results and Discussion
In closing, this electrochemical problem could possibly be handled by other finite element heat transfer codes (7) . However, TOPAZ2D's internal boundary element feature is simple and direct. It should be possible to incorporate Butler-Volmer kinetics, or any similar relation, into TOPAZ2D by altering the portion of the code dealing with convection-type boundary conditions and with the internal boundary element conditions for coupling interfacial surfaces. Also, TOPAZ2D can be used to calculate fluxes at each nodal point to give the current density distribution. In addition, a three-dimensional version of the code, TOPAZ3D, has been developed (8).
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Texas A&M University assisted in meeting the publication costs of this article. A number of recent articles deal with pulsed potential electrolysis. For instance, Despic and Popov (1) studied mass transfer under pulsed potential conditions in the absence of convection. Viswanathan and Cheh (2) presented a mathematical model for mass transfer to a rotating disk electrode (RDE) by applying potentiostatic pulses. Gelchinski et al. (3) electroplated chromium-cobalt alloys by using a pulsed potential source. However, all these treatments were based on the assumption that the electrode surface received a uniform current. In a recent paper (4), we demonstrated the nonuniformity of current distribution under various pulsed current conditions. In this investigation, we show how the mathematical model developed by pulsed current technique can be extended to pulsed potential electrolysis. The differences between these two methods are also discussed.
By making the same model assumptions and nomenclature as in our previous paper (4), the concentration of the reacting species is governed by the following transient convective diffusion equation During the on-period ofthe cycle, the applied potential on the disk Vt with a large copper counterelectrode is a constant, the sum of the ohmic potential drop r the concentration overpotential ~lc, and the surface overpotential Vt = q% + ~0c + ~ls [6] During the off-period of the pulse v~ -0 [7] Similar treatments and solution procedures to those in Ref. (4) are applied to obtain the concentration profile and current distribution. The only difference in computation
